ABSTRACT
The buildup of Abeta and tau is believed to directly cause or contribute to the progressive cognitive deficits characteristic of Alzheimer disease. However, the molecular pathways linking Abeta and tau accumulation to learning and memory deficits remain elusive. There is growing evidence that soluble forms of Abeta and tau can obstruct learning and memory by interfering with several signaling cascades. In this review, I will present data showing that the mammalian target of rapamycin (mTOR) may play a role in Abeta and tau induced neurodegeneration.
INTRODUCTION
Current estimates show that today about 25 million people worldwide have dementia with one new case diagnosed every seven seconds; thus, by 2040 more than 80 million people will be afflicted by a form of dementia (1, 2). Alzheimer disease (AD) is by far the most common form of dementia and accounts for an estimated 60-80% of all cases (2, 3) . In the United States (US), 5 million people have AD and with the increase in the aging population, about 16 million people will be afflicted by midcentury in the US alone (1, 3).
Neurophatologically, the AD brain is characterized by the accumulation of plaques, mainly formed of the amyloid-beta peptide and neurofibrillary tangles (NFTs) formed of hyperphosphorylated tau (4) . Growing evidence points toward the buildup of soluble Abeta and tau being more proximal to cognitive deficits than plaques and tangles (5) . Toward this end, major research efforts have been developed toward understanding alterations in the signaling pathways that may cause changes in neuronal function leading to cognitive decline as a result of Abeta and/or tau accumulation (6) (7) (8) (9) (10) .
The mammalian target of rapamycin (mTOR) is a conserved protein kinase that plays a key role in controlling a balance between protein synthesis and degradation (11, 12) . It interacts with several proteins to form two distinct complexes: the mTOR complex 1 (mTORC1), which controls protein homeostasis, is formed by mTOR, raptor, PRAS40 and mLT8, and its activity is inhibited by rapamycin; the mTORC2, which controls cellular shape by modulating actin function, is formed by mTOR, rictor, mLST8 and hSIN, and is insensitive to rapamycin (11, 12) . mTOR signaling is mainly regulated by growth factors, nutrients, energy levels and stress. In turn, mTOR integrates these signals and controls ribosome biogenesis, transcription, translation and macroautophagy (11, 12) .
Overwhelming evidence shows a primary role for TOR signaling in aging (13) . For example, decreasing TOR signaling in yeast leads to an extension of replicative and chronological lifespan (14, 15) . Similar results were obtained in C. elegans and Drosophila (16) (17) (18) . More recently, results from the National Institute on Aging Interventions Testing Program have shown that pharmacologically reducing mTOR signaling with rapamycin increases median and maximal lifespan in genetically heterogeneous mice (19) . The study was conducted at three different sites and involved the use of ~1900 mice. Notably, these mice were put on rapamycin starting at 600 days of age and despite the late start, rapamycin increased the mean lifespan of males and females mice by 9% and 13%, respectively (19) . Consistent with these results, deletion of ribosomal S6 protein kinase 1, a downstream target of mTOR, increased lifespan in female mice (20) . Notably, reducing mTOR signaling not only increased lifespan but also reduced agerelated pathologies including motor dysfunction and loss of insulin sensitivity (20) . These findings are particularly relevant to AD, as they suggest that reducing mTOR signaling may have beneficial effects on age-dependent disorders including neurodegenerative disorders.
MTOR SIGNALING IN AD BRAINS
Evidence from postmortem human AD brains indicates that the levels of phospho-mTOR and two of its downstream targets, p70S6K and the eukaryotic translation factor 4E (eIF4E) are increased compared to age-matched control cases, suggesting higher mTOR activity in AD brains (21) (22) (23) (24) (25) (26) (27) . Specifically, Jin-Jing Pei and colleagues performed immunohistochemical and biochemical analysis of postmortem AD brains and showed that phosphorylated p70S6K levels were significantly increased in AD brains and correlated with Braak's stage and the levels of total and PHF-tau (21) . Indeed, confocal microscopy shows that the levels of activated p70S6K are higher in neurons that are known to later develop NFTs (21) . Along these lines, phosphorylated eIF4E levels were found to be 100-fold higher in AD brains compared to age-matched controls (28) . The authors concluded that the increase in p70S6K in AD brains could mediate an up-regulation of tau (27) . Furthermore, because the activity of both proteins is controlled by mTOR, these data could be interpreted to suggest that mTOR activity is elevated in AD brains. Indeed, the same authors in another study reported a 3-fold increase in the levels of mTOR phosphorylated at Ser2481 in the medial temporal cortex of AD cases compared to control cases (29) , which is consistent with increased mTOR activity. Notably, these results were subsequently replicated by another group that reported that the ratio of phosphoSer2448-mTOR/total mTOR is ~2.6-fold higher in AD brains compared to control cases (23) . Overall, these studies show that mTOR signaling is increased in AD brains, and these conclusions are further supported by other studies of human brains (22, 24, 25) and in animal models (see below).
MTOR AND Abeta
mTOR integrates signaling pathways that respond to growth factors, energy metabolism, nutrients and stress (reviewed in (12) ). Among these signaling pathways is the PI3K/AKT pathway, which activates mTOR in response to growth factors such as insulin or insulin-like growth factors (12) . Notably, several in vitro studies have shown that Abeta can activate the PI3K/AKT pathway. Along these lines, application of Abeta25-35 to PC12 cells is shown to increase AKT activity in a PI3K-dependent manner (30). Although the authors did not directly measure mTOR signaling, these data, supported by more recent publications (31-34), suggest an increase of mTOR signaling following Abeta administration. This conclusion is consistent with studies showing that the application of Abeta25-35 to N2A cells leads to a transient and significant increase in p70S6K (34). Data further supporting the link between Abeta accumulation and the up-regulation of mTOR signaling come from a study showing that exposed primary neurons to different concentrations of synthetic Abeta monomers and Abeta oligomers for 24 hours (35). It was reported that the levels of AKT phosphorylated at Ser473, mTOR phosphorylated at Ser2448, and its downstream target p4E-BP1 were significantly increased following exposure to Abeta oligomers but not to Abeta monomers (35). Notably, the increase in the levels of phosphorylated mTOR was found when Abeta oligomers were used at a concentration of 3 µg/ml, while lower or higher Abeta concentrations had no significant effects on mTOR phosphorylation (35). In apparent contradiction with these reports, Hugon and colleagues showed that 20 micromolar of Abeta42 decreased the steady-state levels of phosphorylated mTOR and p70S6K (36) .
However, the over-physiological concentration of Abeta used in this study, which is cytotoxic, makes it hard to compare the results with those reported above showing that a low concentration of Abeta increases mTOR signaling. This is especially true if one considers that when cells are homogenized in preparation for Western blots analysis, one would be dealing with cells at different stages of the neurodegeneration process and with possible secondary changing occurring. Whether the effects of high concentrations of Abeta42 on mTOR signaling are a direct consequence of Abeta administration or secondary events in the neurodegenerative process remains to be determined.
To further elucidate the effect of Abeta on mTOR signaling, we have used Chinese hamster ovary cells stably transfected with a cDNA encoding APP751 containing the Val717-Phe familial AD mutation known as 7PA2 (37) . These cells produce high levels of Abeta oligomers, which have been shown to cause LTP and learning and memory deficits (38) (39) (40) . We reported that the mTOR activity and signaling were significantly increased in 7PA2 cells compared to untransfacted CHO cells as determined by directly measuring mTOR enzymatic activity and by measuring the steady-state levels of phospho p70S6K levels by Western blot (41) . We further showed that blocking Abeta production by treating 7PA2 cells with a gamma-secretase inhibitor was sufficient to prevent mTOR hyperactivity (41) . Taken together these in vitro data suggest a dose-dependent effect of Abeta on mTOR signaling, with low, more physiological levels of Abeta causing an increase in mTOR signaling, while significantly higher Abeta concentrations decreasing mTOR signaling.
The relationship between Abeta and mTOR has also been analyzed in animal models of AD. Consistent with the cell culture studies, it has been shown that mTOR signaling is sensitive to the levels of Abeta in the brains of transgenic mice. Hugon and colleagues showed that the activation of mTOR and p70S6K was significantly decreased in the cortex of APP/PS1 double transgenic mice expressing human mutant APP751 and PS1M146V showing extracellular Abeta plaques (36) . In contrast, these authors reported that in single APP transgenic mice, which have significantly lower Abeta levels compared to the APP/PS1 mice, the activity of mTOR and p70S6K levels were unchanged compared to age-matched control mice (36) . To study the relation between Abeta and mTOR in vivo, we have used the 6-month-old 3xTg-AD mice, an animal model that develops age-dependent Abeta and tau accumulation associated with cognitive decline (6, (42) (43) (44) (45) . At this age, the 3xTg-AD mice show early intraneuronal Abeta accumulation and tau mislocalization, which correlate with the onset of cognitive decline (42-44, 46, 47) . Abeta oligomerization is also evident at this age but mice do not yet have extracellular Abeta plaques, which develop around 15 months of age (48) . We reported that mTOR enzymatic activity and the levels of phosphorylated p70S6K were significantly increased in the cortex and hippocampus of 6-month-old 3xTg-AD mice compared to age-matched control mice (41, 49) . No changes for mTOR and p70S6K were detected in the cerebellum, which at this age has undetectable Abeta levels (41, 49) . Furthermore, in the 3xTg-AD mice high Abeta levels are necessary for mTOR hyperactivity, as we showed that genetically or pharmacologically removing Abeta from the brains of the 3xTg-AD mice is sufficient to reduce mTOR activity to levels comparable to those detected in age-matched NonTg mice (49) . To determine the effects of Abeta oligomers on mTOR activity, we injected naturally secreted Abeta oligomers into the hippocampi of NonTg mice and showed that this was sufficient to cause mTOR hyperactivity (49) . The molecular mechanisms underlying the Abeta-induced cognitive decline appear to be mediated by PRAS-40 phosphorylation (49) .
PRAS-40 negatively regulates mTOR activity by directly binding to it (50, 51) ; upon phosphorylation, PRAS-40 detaches from mTOR thereby releasing its inhibitory effect (50, 51) . Physiologically, PRAS-40 is phosphorylated by AKT and PIM-1 (31, 34, 52). We recently showed that preventing PRAS-40 phosphorylation by pharmacologically inhibiting AKT and PIM-1 activity blocks the Abeta-induced mTOR hyperactivity in vivo (49) .
Overall, there appears to be some inconsistency between our data and the data showing that in APP/PS1 double transgenic mice the levels of mTOR are significantly decreased (36) . However, our experiments were conducted in 6-month-old 3xTg-AD mice, which have moderate levels of Abeta oligomers but do not show Abeta plaques. In contrast, the experiments in the APP/PS1 mice were conducted in 12-month-old mice, which have much higher Abeta levels. Indeed, it remains to be determined how mTOR activity and signaling change in the presence of significantly higher Abeta levels and extracellular Abeta plaques in the 3xTg-AD mice. Together these in vivo data are consistent with the data showing that the exposure of primary neurons from wild type mice to increasing concentrations of Abeta oligomers causes an increase in mTOR activity at low micromolar levels but no changes at higher levels of Abeta oligomers.
MTOR IN LEARNING AND MEMORY
mTOR plays a key role in controlling protein homeostasis by regulating both protein synthesis and degradation, and it has been directly linked to learning and memory (e.g., (41, (53) (54) (55) (56) ). Early reports showed that in Aplysia californica stabilization of long-term facilitation requires rapamycin-sensitive protein synthesis (53) . These results were subsequently confirmed in mammals where it was reported that bilateral infusions of rapamycin into the auditory cortex of gerbils did not impair the maintenance of the newly acquired auditory cortex-dependent memory, but caused deficits in long-term consolidation of auditory cortex-dependent memory (56) . These and other reports (53, (57) (58) (59) (60) (61) clearly suggest that complete blockage of mTOR activity is detrimental for basal synaptic plasticity. Nevertheless, there is also a large body of evidence indicating that hyperactive mTOR signaling also has detrimental effects on different forms of learning and memory. For example, it has been shown that mTOR is hyperactive in the hippocampus of an animal model of tuberous sclerosis, a disorder associated with mental retardation, autism, and epilepsy (54) . In these mice, mTOR hyperactivity was linked to deficits in late phase long-term potentiation and three independent hippocampaldependent learning and memory tasks (54) . Notably, reducing mTOR hyperactivity with rapamycin, an mTOR inhibitor, rescued the deficits in synaptic plasticity and learning and memory (54) . In this study, the authors used a dose of rapamycin that was sufficient to reduce the mTOR signaling in the mutant tuberous sclerosis mice but not in the NonTg mice. Thus, the rapamycin dose is critical because, as discussed above, complete blockage of mTOR has detrimental effects on learning and memory. Consistent with these results, delta9-tetrahydrocannabinol (THC) administration -the primary active component of cannabis -is reported to cause mTOR hyperactivity and hippocampal-dependent learning and memory deficits (55) . Notably, low doses of rapamycin rescued the memory deficits associated with cannabinoids consumption (55) . Overall, it appears that there may be a window for mTOR signaling that is optimal for learning and memory and that alterations leading to an excessive increase or decrease in mTOR signaling outside such optimal window may have detrimental effects on learning and memory (62-64).
As mentioned above, published data show that Abeta accumulation causes mTOR hyperactivity in vitro and in vivo. Thus, we sought to determine whether mTOR hyperactivity played a role in the Abeta-induced cognitive decline by feeding microencapsulated rapamycin, an mTOR inhibitor, to 3xTg-AD mice for 10 weeks (41). We estimated that each day on average, mice were ingesting 2.24 mg rapamycin per kg of body weight. Remarkably, there is a large body of evidence showing that rapamycin crosses the blood brain barrier (65) (66) (67) (68) (69) ; indeed, at this concentration, mTOR signaling in the brains of the 3xTg-AD mice was reduced to NonTg levels and, more important, early spatial learning and memory deficits were rescued (41) . Notably, these findings were independently replicated in a different animal model of AD (70) . Although more needs to be done to understand how mTOR hyperactivity causes learning and memory deficits, possible molecular and cellular mechanisms are discussed by Silva and colleagues in (71) . It should also be noted that although rapamycin is considered a selective mTOR inhibitor, there is growing evidence that it may also have effects independent of mTOR (72) (73) (74) (75) . For example, rapamycin suppresses mTOR-dependent translation of some classes of mRNAs but not others (76) . Additionally, rapamycin binds to L-type voltage-dependent Ca2 + channels, and is thought that this binding may mediate some of the neuroprotective properties of rapamycin (77) . Thus, because of the various effects/targets that rapamycin may have, more needs to be done to fully elucidate the role of mTOR in the cognitive decline associated with AD neuropathology. For example, genetic reduction of mTOR activity may be a more accurate approach to fully elucidate the role of mTOR signaling in AD. Overall, there is growing evidence indicating that the mTOR pathway is one of the pathways by which Abeta exerts its toxicity, further supporting the idea that reducing mTOR signaling in AD may be a valid therapeutic approach.
MTOR AND TAU
As discussed above, postmortem studies from human AD brains indicate a link between mTOR signaling and tau neuropathology (e.g., (21, 23, 26, 27) . This evidence has led to the hypothesis that the chronic increase in mTOR function occurring during aging may facilitate the development of tau pathology (27) . Insights into the possible molecular mechanisms underlying the mTOR/tau link have come from numerous laboratories and offer three possible mechanisms of mTOR/tau interaction. First, it is well established that mTOR, via its downstream targets, increases the translation of 5' top mRNAs (the group to which tau mRNA belongs) suggesting that hyperactive mTOR may facilitate tau accumulation simply by increasing its translation. Supporting this view, it has been shown that rapamycin suppresses the translation of tau, whereas constitutively active p70S6K, a downstream target of mTOR, increases tau translation (78) .
Second, hyperactive mTOR signaling may facilitate tau accumulation by increasing its phosphorylation, as mTOR directly phosphorylates and inhibits protein phosphatase 2A (PP2A; (79, 80) , which plays a primary role in tau dephosphorylation (81) . Indeed, experiments in primary neurons and mice have shown that blocking mTOR activity with metformin, an mTOR inhibitor (82, 83) , induces PP2A activity and reduces tau phosphorylation at three PP2A-dependent epitopes, Ser202, Ser356, and Ser262 (84) . Notably, metformin had no effect on tau phosphorylation at Ser369, a PP2A-insensitive epitope (84) . Third, it has been proposed that mTOR may play a role in the tau-induced neurodegeneration (81) and, a growing body of evidence indicates that tau may induce neurodegeneration by causing cell-cycle re-entry (85) . In an elegant study, Feany and colleagues used Drosophila models of tauopathy to determine the role of TOR in the tau-induced neurodegeneration (86) . They showed that TOR signaling was increased in flies expressing both mutant and wild type human tau, which develop progressive tau hyperphosphorylation and neurodegeneration (86, 87) . Notably, increased TOR signaling was necessary for cellcycle re-entry in the brain and, genetic and pharmacologic reduction of TOR activity rescued tau-induced neurodegeneration (86) . Although the cause of cell death in AD is unclear, different reports have suggested that the accumulation of pathological tau may be the proximal event in the cascade causing cell death in AD (88) . Together, these data suggest that mTOR hyperactivity, which can be caused by Abeta or tau accumulation, may mediate neurodegeneration as well as Abeta-induced cognitive decline.
MTOR AND AUTOPHAGY
The autophagic system is a conserved intracellular system designed for the degradation of longlived proteins and organelles in lysosomes (89) (90) (91) . Three types of autophagy have been described: macroautophagy, microautophagy, and chaperon-mediated autophagy (CMA). While macro-and microautophagy involve the "in bulk" degradation of regions of the cytosol, CMA is a more selective pathway, and only proteins with a lysosomal targeting sequence are degraded (89, 90, 92) . Cumulative evidence suggests that an age-dependent decrease in the autophagy/lysosome system may account for the accumulation of abnormal proteins during aging (93) .
Macroautophagy (herein referred to as autophagy) is induced when an isolation membrane is generated surrounding cytosolic components, forming an autophagic vacuole that will eventually fuse with lysosomes for protein/organelle degradation 68-70). Although the molecular mechanisms underlying autophagy induction are not completely understood, an important step in the autophagosome formation is the activation of LC3-I. After its activation, LC3-I is lipidated to form membraneassociated LC3-II, which is incorporated in the growing autophagosome membrane and is often used as a marker of autophagy induction (94, 95) .
Overall, mTOR negatively regulates autophagy by interfering with its induction (96) .
Several neurodegenerative disorders are characterized by the abnormal accumulation of aggregated proteins and are collectively known as proteinopathies. Based on this premise, it has been suggested that alterations in the cellular quality control system, such autophagy, may be involved in disease pathogenesis (97) (98) (99) (100) (101) (102) . Furthermore, autophagy function decreases with age (the major risk factor for AD and other neurodegenerative disorders) suggesting therefore that the age-dependent decrease in the autophagy function may contribute to the chronic buildup of aggregates in neurons (93, 103) . Indeed, genetically reducing autophagy induction leads to profound neurodegeneration and cell loss associated with the accumulation of ubiquitinated inclusions (104) (105) (106) . Consequently, it has been proposed that inducing autophagy may have beneficial effects in a variety of neurodegenerative disorders (e.g. (99, (107) (108) (109) (110) (111) (112) (113) ).
The role of autophagy in AD is not well understood and contradicting reports have been published. For example, it has been reported that autophagic vacuoles accumulate in AD brains and in APP/PS1 transgenic mice, and this vacuoles maybe a source of Abeta production, suggesting that an increase in autophagy induction may lead to a further accumulation of Abeta (36, 114, 115) . In contrast, other reports show that autophagy protects neurons from Abeta toxicity (41, 70, (116) (117) (118) (119) . Along these lines, WyssCoray and colleagues showed that beclin-1 levels, a key protein involved in autophagy induction, were decreased in AD patients (119) .
Furthermore, using complementary genetic approaches, the authors showed that decreasing beclin-1 expression in a transgenic mouse model of AD, decreased autophagy induction and increased Abeta accumulation (119) .
In contrast, increasing beclin-1 expression in the same mice, increased autophagy induction and reduced intracellular and extracellular Abeta pathology (119) , clearly indicating that increasing autophagy induction may be beneficial in AD. More recently, it has been shown that parkin mediates the beclin-dependent autophagic clearance of Abeta (120) .
We have shown that pharmacologically reducing mTOR hyperactivity in the brains of the 3xTg-AD mice led to a reduction in soluble Abeta and tau levels (41) . The effects of rapamycin appear to be mediated by an increase in autophagy induction as we showed that in the brains of rapamycin-treated 3xTg-AD mice there was a significant increase in LC3II and other autophagy related proteins, including Atg5, Atg7 and Atg12 (41) . Supporting this view, autophagy induction correlated with the decrease in Abeta levels in another mouse model of AD (70) . Furthermore, in cell culture experiments, we directly showed that autophagy induction was necessary for the rapamycin-mediated decrease in Abeta levels (41) . A recent report by Paul Greengard's group shows that inducing autophagy by small-molecule enhancer of rapamycin in immortalized cell lines and primary neurons led to an 80% reduction in Abeta 40 and Abeta 42 levels (121). These data were further supported by recent work showing that genetically increasing autophagic protein turnover ameliorates Abeta pathology and the associated cognitive decline in a mouse model of AD (122) . There is an apparent contradiction between the data reported by Nixon and colleagues, who showed that autophagic vacuoles accumulates in AD due to impaired clearance, suggesting that further increase in autophagy may exacerbate the pathology (115) , and what our group, WyssCoray's, Galvan's, Moussa's and Greengards's groups recently reported (41, 70, 119, 121) -increasing autophagy induction has beneficial effects on AD-like pathology in different animal model of AD. Although the basis of this apparent inconsistency remains to be established, it is tempting to speculate that the relationship between autophagy and Abeta may change with the progression of the disease (Figure 1) . At earlier stages of Abeta accumulation, induction of autophagy may facilitate its clearance. As the disease progresses, deficiencies in the clearance of autophagic vacuoles may occur and thus further increasing autophagy may exacerbate the AD phenotype. Indeed, the majority of the studies showing that increasing autophagy induction reduces Abeta and tau accumulation were done in animals with early stages pathology. Thus, when considering the role of mTOR in Abeta and tau pathology and the role of mTOR in autophagy induction, it will be important to determine the effect of increasing autophagy function in mice with established plaques and tangles.
CONCLUSIONS
While there is growing appreciation for a role of mTOR signaling in AD pathogenesis, more needs to be done to understand and fully elucidate the molecular mechanisms linking this key protein kinase to Abeta and tau pathology and the associated cognitive decline. Toward this end, there is a need to better understand how different concentrations of Abeta may have differential effects on mTOR activity and signaling. Additionally, although there is not a general agreement as to the stage of the autophagic process that would be more appropriate to increase (e.g., Figure 1 . Schematic representation of the involvement of mTOR in AD. In a healthy neuron, mTOR activity is tightly regulated and basal autophagy levels are sufficient to remove Aβ and tau. During early stages AD, an increase in soluble Aβ levels leads to mTOR hyperactivity, which in turn will reduce autophagy induction (represented in the diagram by a reduction in autophagosomes). Lower autophagy function will eventually lead to an increase in the steady-state levels of Aβ and tau. Notably, high Aβ levels will further increase mTOR activity thus creating a vicious cycle that ultimately will promote higher Aβ levels. Increasing autophagy induction in early-AD may represent a valid therapeutic approach as it will facilitate autophagosome formation and thus remove Aβ and tau. During late stages AD, there is evidence that autophagosomes fail to fuse with lysosomes. It is anticipated that increasing autophagy induction in late stages AD may further clog the cells by generating more autophagosomes that will not be cleared, although this has not been directly tested. autophagy induction or autophagy flux), overall there is now clear evidence from several laboratories using different animal models for a role of autophagy in AD.
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